ABSTRACT An intricate network of reactions is involved in matching energy supply with demand in the heart. This complexity arises because energy production both modulates and is modulated by the electrophysiological and contractile activity of the cardiac myocyte. Here, we present an integrated mathematical model of the cardiac cell that links excitation-contraction coupling with mitochondrial energy generation. The dynamics of the model are described by a system of 50 ordinary differential equations. The formulation explicitly incorporates cytoplasmic ATP-consuming processes associated with force generation and ion transport, as well as the creatine kinase reaction. Changes in the electrical and contractile activity of the myocyte are coupled to mitochondrial energetics through the ATP, Ca 21 , and Na 1 concentrations in the myoplasmic and mitochondrial matrix compartments. The pseudo steady-state relationship between force and oxygen consumption at various stimulus frequencies and external Ca 21 concentrations is reproduced in both model simulations and direct experiments in cardiac trabeculae under normoxic conditions, recapitulating the linearity between cardiac work and respiration in the heart. Importantly, the model can also reproduce the rapid time-dependent changes in mitochondrial NADH and Ca 21 in response to abrupt changes in workload. The steady-state and dynamic responses of the model were conferred by ADP-dependent stimulation of mitochondrial oxidative phosphorylation and Ca 21 -dependent regulation of Krebs cycle dehydrogenases, illustrating how the model can be used as a tool for investigating mechanisms underlying metabolic control in the heart.
INTRODUCTION
Control mechanisms that modulate mitochondrial ATP production to match energy consumption are especially important in tissues with a high energetic demand like the heart (1). The proportionality between cardiac work and the rate of respiration was recognized almost 100 years ago (2) , yet the mechanisms responsible for matching energy supply with demand remain controversial (3) . The metabolic rate can change by 10-to 15-fold (4, 5) , but many investigators have observed that the levels of energy-rich adenine intermediates can be remarkably constant, indicating that oxidative phosphorylation is tightly controlled (for review, see (6, 7) ).
Several hypotheses have been put forward to explain the control of oxidative phosphorylation. The classical respiratory control hypothesis of Chance and co-workers (8) , which has been subsequently confirmed in countless experiments on isolated mitochondria, implies that the rate of respiration is limited by the availability of ADP to the mitochondrial ATP synthase (as long as adequate substrates are available to maintain proton pumping). This demand-led control would be well suited to increase ATP production in response to cytoplasmic ATP consumption, but changes in bulk cytoplasmic ADP concentration have not been detected in intact hearts at high workloads by phosphorous NMR methods. Furthermore, a large increase in total ADP would have an unfavorable effect on cell processes that are sensitive to the free energy of ATP hydrolysis (i.e., the phosphorylation potential).
To explain how mitochondrial ADP delivery is accelerated without a large change in the cytoplasmic levels, models of intracellular dynamic compartmentation of adenine nucleotides have been proposed. This hypothesis is based on abundant evidence that different creatine kinase isozymes are localized near the sites of ATP hydrolysis (e.g., the myofibrils) and the mitochondrial inner membrane, contributing to intracellular-energetic units (9) . This view implies that, whereas bulk ATP/ADP ratios remain constant, ADP signals generated by the myosin ATPase are rapidly transferred to the mitochondria via the creatine kinase shuttle. ATP can be similarly channeled back to the sites of utilization with alterations in the ATP/ADP ratio occurring only in microdomains close to the relevant sources and sinks of ATP (10) . Evidence for compartmentalization of the adenine nucleotide pool has been addressed recently by combining biochemical models of phosphoryl transfer with estimations of CK fluxes by saturation transfer NMR methods (11) .
Any mechanism that increases the rate of NADH oxidation would require concomitant activation of NADH production. Balaban and co-workers have proposed several mechanisms by which simultaneous stimulation of work and metabolism might be coordinated by cytoplasmic messengers. These include parallel activation of the respiratory chain and mitochondrial dehydrogenases by either Ca 21 (12) or P i (1, 13) . As elaborated in these studies, very rapid responses in the NADH production and oxidation processes would virtually eliminate transients in metabolite levels during changes in work.
To gain a better understanding of the complex dynamics of the response of mitochondrial bioenergetics to alterations in the contractile and electrical activity of the heart cell, and to explore the feasibility of proposed control mechanisms, here we integrate models of the electrophysiological, Ca 21 handling, and force-generation subsystems of the cardiac myocyte (14, 15) with a model of mitochondrial oxidative phosphorylation (16) . The model is validated by performing parallel experiments measuring force and oxygen consumption in cardiac trabeculae and by comparison with earlier data describing transients in NADH and mitochondrial Ca 21 during abrupt perturbations of muscle workload (17) .
MATHEMATICAL MODEL DEVELOPMENT
Excitation-contraction coupling/mitochondrial energetics (ECME) model 
Energy intermediates as links between mitochondrial energetics and excitationcontraction coupling
The excitation-contraction (EC) coupling (guinea-pig ventricular myocyte) and mitochondrial energetic models (14, 15) are linked by the concentrations of ATP, ADP, creatine and creatine phosphate, and mitochondrial and cytoplasmic Ca 21 and Na 1 . As discussed above, the currently accepted view that CK functions as both a cellular energy buffer and a high-energy phosphate shuttle (11, 18, 19) required us to introduce into the model a mechanism to simulate both the rapid transmission of an ADP signal to the mitochondria from the myofilaments and the buffering of the bulk cytoplasmic ATP/ADP ratio by the creatine kinase (CK) system. To avoid the computational challenge of incorporating a spatial dimension and partial differential equations into the model, we approximated metabolic compartmentation by adding two pools of CK, creatine, and adenine nucleotides in the cytoplasm (Fig. 1) . One pool is associated with mitochondrial transport through the adenine nucleotide translocator (ANT) and is linked to the EC coupling processes. The other pool accounts for energy provision to constitutive cytoplasmic processes, e.g. transport processes and macromolecule synthesis. In our model, adenine nucleotide levels provide a strong link between mitochondrial energetics and the electrophysiological and contractile processes (see Discussion).
FIGURE 1 General scheme of the EC coupling/mitochondrial energetics (ECME) model. The electrophysiological module includes the main ion transport processes involved in EC-coupling, accounting for the transport of Ca 21 , Na 1 , and K 1 across the sarcolemma, Ca 21 transport inside and across the SR membrane, and Ca 21 handling by mitochondria. Five different Ca 21 compartments are defined including the mitochondrial matrix, the dyadic subspace, the junctional and network SR, and the myoplasmic compartments. Extracellular Ca 21 is considered an adjustable parameter. The mitochondrial module describes the production (F 1 , F 0 ATPase) and transport (ANT) of ATP, Ca 21 transport, and Ca 21 activation of the TCA cycle dehydrogenases. The CK reaction occurs near the mitochondria (but does not include potential limitations imposed by the outer membrane) and the CrP diffuses to the cytoplasmic compartment where there is another pool of CK that catalyzes the regeneration of ATP ic to fuel constitutive cytoplasmic ATPases (labeled ''cyto''). Also the total pool of adenine (C A ) and creatine (C C ) metabolites are indicated by dark shading. The main ATP-consuming processes related to EC coupling are the myofibrillar ATPase (V AM ) and SERCA (J up ), and in the sarcolemma, the Na 1 , K 1 ATPase (I NaK ), and the Ca 21 ATPase (I pCa ).
Our model also defines two different pools of ATP in the cytoplasm: ATP i (EC coupling-linked) and ATP ic (associated with constitutive cytoplasmic ATPases) (see Eqs. [1] [2] [3] [4] [5] . In each one of these pools the total concentration of adenine nucleotides is constant, and the total concentration of adenine nucleotide, C A , is the same (8 mM). Thus, the following equations apply:
This approach implies that ADP levels are determined by ATP in each cytoplasmic pool, linked through the creatine metabolites that are exchanged with the adenine metabolites by the CK catalyzed reaction:
The rate of CK was modeled using mass action kinetics assuming that it operates close to thermodynamic equilibrium:
Creatine phosphate (CrP) is synthesized from ATP by the mitochondrial CK (V mito CK ) (Eq. A141) and transported to the cytoplasm for its utilization by constitutive energy-consuming processes through V CrP tr (Eq. A142). The CK at the cytoplasmic site, V cyto CK (Eq. A140), catalyzes the phosphorylation of ADP from CrP to generate ATP (CK reaction as written above in the reverse direction) that will be used by the constitutive cytosolic ATPases ruled by V cyto ATPase (fixed parameter, Table 12 ). Thus, the direction of the CK reaction depends on the enzyme localization, i.e., toward CrP synthesis in the mitochondria and toward the synthesis of ATP in the cytoplasm. The creatine metabolite levels in each pool, like the adenine nucleotide concentrations, are linked through conservation relationships as follows:
Equations 4 and 5 indicate that the Cr levels in both cytoplasmic pools are determined by the level of CrP. The parameter Cc (the total concentration of creatine metabolites) is the same in both pools, 25 mM (Table 12) . represents the affinity of SERCA for ATP, and K i,up and K9 i,up are the ADP inhibition constants ( Table 7) . As shown experimentally by Sakamoto and Tonomura (21), Eq. 6 indicates that ADP inhibits the pump both by competitive (accomplished in the term containing K i,up ) and noncompetitive (accounted for by K9 i,up ) mechanisms. We simulated the behavior of SERCA as a function of Ca 21 concentrations in the myoplasm and inside the SR network (NSR). The introduction of ATP dependence did not significantly change pump rate as a function of Ca 21 in the physiological range of ATP i levels (not shown).
Ionic linkages between mitochondrial energetics and EC coupling
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Actomyosin ATPase (AM ATPase)
The data of Regnier et al. (23) , concerning mechanisms involved in the regulation of force generation by cardiac muscle, indicate little sensitivity of developed muscle tension to large variations in ATP (from 0.5 to 5 mM). Additionally, Karatzaferi et al. (24) demonstrated that ADP analogs bind to myosin heads, thereby potentiating tension. Accordingly, we assume that developed force is only indirectly sensitive to the ratio of ATP to ADP (see Eqs A96-A121) through the effect of the latter on the SERCA pump, resulting in reduced sarcoplasmic reticulum Ca 21 load leading to reduced developed force. On the other hand, the rate of ATP hydrolysis associated with force generation through actomyosin ATPase (Eq. 7) depends explicitly on both ATP and ADP, as previously demonstrated (25) . We have developed a Michaelis-Menten kinetic expression to account for ATP activation of the actomyosin ATPase associated with force generation, together with a competitive ADP inhibition:
Equation 7 contains a factor accounting for dependence of the AM ATPase on normalized rate of cross-bridge formation through their rate of formation, as denoted by f 01 [P 0 ], f 12 [P 1 , and f 23 [P 2 ] and the rate constants f 01 , f 12 , and f 23 (Eqs. A102-A104).
The original expression for the Na 1 /K 1 ATPase corresponds to that introduced by Luo and Rudy in their phase II ventricular cell model (26) . This model was able to account for experimental observations performed by Nakao and Gadsby (27) regarding the dependence of the current on membrane potential at different external Na 1 concentrations. The Na 1 /K 1 current expression has been modified based on kinetic studies of Sakamoto and Tonomura (21) to account for the dependence of Na 1 /K 1 ATPase activity on ATP, as well as the competitive inhibition exerted by ADP, (9) ATP/ADP dependence of the kinetics of the pumps experimental data obtained in vitro, the simulations employed in vitro V max values. These differed from the V max values used in the integrated cell model because adjustments were required to simulate the reported currents or fluxes measured in intact cardiac myocytes.
The experimental results describing the behavior of the sarcoplasmic reticulum Ca 21 pump (Fig. 2 A) (from (21)) were simulated using the rate expression (Eq. 6) depicted in Fig. 2 B for the range of ADP concentrations employed by Sakamoto and Tonomura (21) . Only the forward and reverse V max values had to be adjusted in the model (see Table 7 ) to reproduce the SERCA pump fluxes obtained experimentally (20) .
The dependence of the AM ATPase rate on ATP, measured by Karatzaferi et al. (24) (Fig. 2 C) , could be reproduced using the rate expression of Eq. 7 (Fig. 2 D) . As a result of the high affinity of the ATPase for the nucleotide, the rate of ATP consumption by myofibrils will be saturated with ATP in the physiological concentration range (not shown). Fig. 2 E shows the current carried by the Na 1 /K 1 ATPase, measured experimentally by Sakamoto and Tonomura (21) , and simulated using the rate expression shown in Eq. 8 (Fig. 2 F) . The expression displays a typical hyperbolic dependence on ATP i concentration that saturates at ATP . 4.0 mM.
The rate of the sarcolemmal Ca 21 pump studied as a function of ATP concentration also exhibits a hyperbolic shape with saturation at high ATP levels (Fig. 2, G and H) . As in the case of the AM ATPase, and in the normal physiological range of adenine nucleotide levels, the flux through the sarcolemmal Ca 21 pump will be nearly ATP-independent. The absolute rates of ATP consumption in the integrated model were calculated based on the absolute fluxes or currents sustained by the ATPconsuming processes multiplied by the stoichiometry of such processes, e.g., 1 ATP is hydrolyzed by SERCA when transporting one Ca 21 from the cytosolic into the sarcoplasmic reticulum compartment. The resulting fluxes of ATP consumption were compared with available experimental evidence by Ebus and Stienen (30) and validated by showing that simulated consumption fluxes were in the correct range.
Computational methods
Rate expressions for each individual model component have been analyzed for their kinetic properties as a module. We used MatLab 6.5 (The MathWorks, Natick, MA) to study each rate expression separately from the assembled model and to check for the adequacy of the rate law and the parameter set being used. Once the behavior of each rate function proved satisfactory, the code of the ECME model, written in C 11 , was assembled as a system of 50 ordinary differential equations (ODEs) in the development environment of Microsoft Visual Studio (Microsoft, Redmond, WA). Equations were integrated numerically using CVODE, a stiff ODEs solver in C, developed by Cohen and Hindmarsh (31) , that uses variable-coefficient Adams and BDF methods (http://citeseer.ist.psu.edu/1230.html).
Before starting to run any specific protocol, we simulated the behavior of the system without stimulation to reach a steady state. Subsequently, the model was run for ;800 s with pacing at 0. Fig. S1 ). Since the trajectories described by the variables are constant, this state will be described as a pseudo-steady state, which defined the initial condition for all runs in a series of experiments. The different protocols tested were programmed as a subroutine in the main file of the program code. Changes in the pacing frequency were programmed according to the experimental protocol of Brandes and Bers ((17, 32) ; see their article, section called Time-Dependent Changes in Workload), but were entered manually for the pseudo-steady state studies of the force-frequency relations. During simulation, the results output is stored as text files that are analyzed later with the assistance of Microcal Origin 6.0 (Microcal Software, Northampton, MA).
Experimental methods

Muscle preparation and experimental setup
Male LBN-F1 rats weighing 175-250 g (Harlan Sprague Dawley; Indianapolis, IN) were anesthetized by intraperitoneal injection of 1.0 ml/kg pentobarbital sodium (360 mg/ml). After intracardiac heparinization, the hearts were rapidly excised and placed in Krebs-Henseleit buffer containing (in mM): 120 NaCl, 5 KCl, 2 MgSO 4 , 1.2 NaH 2 PO 4 , 20 NaHCO 3 , 0.25 Ca 21 , and 10 glucose (pH 7.4). Additionally, 20 mM 2,3-butanedione monoxime (BDM) was added to the dissection buffer to prevent cutting injury. The effects of BDM after brief exposure have been found to be reversible (33) . Hearts were cannulated via the ascending aorta and retrogradely perfused with the same buffer equilibrated with 95% O 2 -5% CO 2 . A flat, uniform, unbranched trabecula from the right ventricle was carefully dissected, leaving a block of tissue at one end from the right ventricle free wall and a small part of the valve at the other end to facilitate mounting. The dimensions of the muscles were measured using a calibration reticle in the ocular of the dissection microscope. The muscles have an oval cross-sectional profile with an average width of 0.29 6 0.05 mm and a thickness of 0.097 6 0.028 mm. This small muscle dimension assures an adequate supply of oxygen to the whole tissue volume. The cross-sectional area, calculated assuming an ellipsoid shape, averaged 0.022 mm 2 . All experimental protocols conformed to Johns Hopkins University institutional guidelines regarding the use and care of animals.
Trabeculae were mounted between a basket-shaped extension of the force transducer and a hooklike extension of a micromanipulator screw with the aid of a dissection microscope. This attachment and mounting procedure was chosen because it proved to minimize damage to the muscle preparation (34) . The muscles were stretched until a further increase in length would cause the resting and developed tensions to increase in parallel, corresponding to a sarcomere length (2.2 mm) that is slightly below the maximal developed tension (34) .
To monitor the contractile parameters during the experiment, each twitch was analyzed on-line with a subroutine developed for LabVIEW (Ver. 6.1, National Instruments, Austin, TX) that acquires and processes the raw data from the force transducer. The forces developed by the rat trabeculae were computed in mN.mm ÿ2 . These were displayed as relative changes in force to compare them with the simulations, since the model was based on guineapig EC coupling properties, which produces different absolute tensions.
Respiration measurements
We used a fiber-optic oxygen sensor (Ocean Optics, Dunedin, FL) to measure muscle respiration. This probe works as a spectrometer-coupled chemical sensor for full spectral analysis of dissolved oxygen pressure. The principle of detection is the fluorescence emission at 600 nm of a ruthenium compound that is quenched by O 2 . At the tip of the fiber optic probe (Ø ¼ 300 mm), the O 2 -sensitive compound is embedded in a resin. The fluorescence emitted is a function of the O 2 dissolved in the surroundings of the probe. The respiratory flux was measured with the fiber-optic device monitoring the O 2 levels close to the surface of contracting trabeculae (within 200 mm) upon interruption of the perfusion flow during a 45-s to 1-min interval. (21) Table 7 . (C and D) The dependence of the myofibrillar adenosine triphosphatase (V AM ) on cytoplasmic ATP. Panel C shows experimental data redrawn from Karatzaferi et al. (24) and panel D shows model simulations obtained with Eq. 7 (also Eq. A122). The competitive inhibition by ADP is shown for ADP concentrations of 0.5 and 2.0 mM ADP. The plots were produced with a maximal rate of the myofibrillar ATPase, V max AM , of 2.88 s ÿ1 , and P 1 ¼ 0.2, P 2 ¼ 0.7, and P 3 ¼ 0.1. Otherwise, the parameters used in the plot are as indicated in Table 11 . (E and F) The dependence of the Na 1 , K 1 adenosine triphosphatase activity on ATP. Experimental data (E, from (21)) and model simulations (F) using the rate expression of Eq. Under these conditions, we recorded a linear change in the fluorescent signal whose slope is proportional to the respiratory flux. As expected, the respiratory rate increases with the frequency of stimulation and the Ca 21 levels in the buffer bathing the muscle. The measurements were referred to the maximal levels of respiration attained under the experimental conditions described in the presence of the uncoupler FCCP (1 mM). The respiratory flux was completely inhibited in the presence of NaCN (5 mM). All our experimental recordings were performed at 22°C.
RESULTS
Force-frequency relations
Fundamental cardiac muscle properties were explored by examining the energetic and inotropic responses to an increase in stimulation frequency. This force-frequency relation is muscle type-(atrial or ventricular) and species-specific (35, 36) . The force-frequency relation has been studied under pseudo steady-state and transient conditions (see next section).
Pseudo steady-state studies
The force versus frequency studies under pseudo-steady state in silico conditions were performed by varying the frequency of pacing and analyzing the model behavior after ;500-1000 s (8-15 min) of simulation time at each frequency.
Systolic (maximal) and diastolic (minimal) forces were computed from the behavior during one beat immediately after 800 s of simulation under each parametric condition. Developed force was computed as the difference between the systolic and the diastolic force. (Fig. 3 A) qualitatively resembled those obtained experimentally in the cardiac rat trabeculae (Fig. 3 B) . However, quantitative differences were found between experimental data and model predictions, especially for values obtained at low Ca 21 concentration. The slope of the force versus frequency relationship at 1.0 mM extracellular Ca 21 was much larger in the experiments than in the model (Fig. 3) . In the simulations, force values changed by 30-fold when stimulation frequency increased from 0.25 to 2.0 Hz, whereas in rat trabeculae, force increased only approximately threefold in the presence of 1.0 mM extracellular Ca 21 between 0.25 and 2 Hz. The bioenergetic performance of the system, monitored through the rate of oxygen consumption (V O2 ), was also studied using the same experimental setup for isometric force measurements in rat ventricular trabeculae (see Experimental Methods). In this way, we could not only directly compare experimental contractile activity with in silico data but also measure V O2 as a function of the pacing frequency. The value V O2 increased with the frequency of stimulation in the model under pseudo steady-state conditions, depending on [Ca 21 ] o (Fig. 4 A) . At high [Ca 21 ] o , the frequency-V O2 relationship displays a close to linear dependence, which was also reflected in simulations of the NADH levels (not shown). In the model, an increase in frequency will increase the levels of cytosolic Ca 21 and ADP, which will be translated into higher mito- 21 ] m will stimulate the TCA cycle dehydrogenases, whereas [ADP] m will activate respiration through respiratory control. The close-to-linear increase in respiration with frequency is likely due to a larger effect of the TCA dehydrogenases stimulation by Ca 21 than the corresponding ADP stimulation of respiration as also suggested by the NADH profile (not shown).
FIGURE 3 Force-frequency relations. Developed force simulated by the ECME model (A) and measured in experiments on rat ventricular trabeculae (B) as a function of the pacing frequency at various extracellular Ca 21 levels. The simulations were run for 1500 s from the initial condition indicated in Table 16 . The parameters used are as described in Tables 1-15 except for the extracellular  Ca  21 concentration, which is indicated in the legend. The developed force was calculated after the model reached a pseudo-steady state from the difference between the maximum and the minimum forces during a contraction. The experiment data point shown for 1.5 mM Ca 
Integrated Energetics-EC Coupling Model
Model simulations were qualitatively in line with the experimental data obtained in rat ventricular trabeculae (Fig.  4 B) . Representing the combined data from Figs. 3 and 4 as the respiratory rate versus developed tension shows the proportionality between respiration and mechanical work that has been reported previously in working hearts (37) (see Supplementary Material, Fig. S3 ). The quantitative differences observed in Fig. 4 are, at least in part, due to the fact that the model has been designed and the parameters adjusted for the dynamics of guinea-pig ventricular myocytes, while the experimental system corresponds to rat ventricular trabeculae (see Discussion).
Time-dependent behavior of mitochondrial energetics after changes in workload
We explored the time-dependent behavior of the model with a protocol in which the stimulus frequency was raised from 0.25 to 2.0 Hz and then returned to 0.25 Hz. This protocol has been previously used experimentally in a preparation of ventricular rat trabeculae while mitochondrial energetic and EC coupling variables were monitored (17, 32) .
The increase in pacing frequency produces a drop in the level of NADH (undershoot, phase I in Fig. 5 A) followed by a recovery phase (phase II in Fig. 5 A) until a new steady NADH level is reached. A subsequent decrease in the pacing frequency causes an overshoot in the NADH concentration (phase III in Fig. 5 A), which is later followed by a relaxation toward the baseline NADH level. The ECME simulation of the same pacing protocol used by Brandes and Bers (17, 32) qualitatively reproduces the profile of NADH and Ca 21 m recorded experimentally (Fig. 5, A and B) . The magnitude of the NADH decrease during the undershoot is somewhat lower than that observed experimentally (3% against 10%, respectively).
The ATP and CrP levels of the pool related to EC coupling during the transient is shown in Fig. 5 C. The decrease in ATP after the increase in pacing frequency is barely noticeable, because of the efficient buffering by CrP, whose levels decrease ;3 mM. This result may be compared with the changes associated with an increase in heart rate in ferret hearts, whose phosphorylated energy intermediates were monitored over time with 31 P NMR (38) . Our simulations reproduce the profile in CrP when glycolysis is not operating. Moreover, the model behavior also simulates the lack of change in the total ATP observed during stimulation at 2 Hz (38).
Ca
-and ADP-mediated regulatory mechanisms involved in mitochondrial energy supply
Once validated, an advantage of the integrated model is that it may be used to test competing hypotheses reported in the literature concerning the various mechanisms involved in the regulation of energy supply and demand in the heart. A similar approach was followed in the case of the isolated mitochondrial model (16) .
Two basic control mechanisms are incorporated into the model, so it was essential to determine the independent contributions of each in the transient responses to the perturbation of workload. First, respiratory control by ATP consumption leading to increased ADP concentrations in both the cytoplasm and the mitochondrial matrix was eliminated by clamping cytosolic ATP and ADP to a constant levels. Second, the Ca 21 -dependence of the activation of the Krebs cycle dehydrogenases was adjusted to abolish the upstream effect of Ca 21 to increase NADH production. This was accomplished by eliminating the effects of Ca 21 on the IDH and KGDH rates (Eqs. A147 and A149). Both tests were performed with the same parameter set and frequency range used in the control simulation shown in Fig. 5 A.
As shown in Fig. 6 , when ATP i is clamped, the dynamics of the simulated mitochondrial NADH signal are completely altered. Upon an increase in pacing frequency, there is no undershoot of the NADH signal and the NADH increases monotonically with a rate similar to that observed during the recovery phase of the transient in the earlier simulations FIGURE 4 Respiration associated with force-frequency relations. O 2 consumption simulated by the ECME model (A) and measured in rat ventricular trabeculae (B) as a function of the pacing frequency at various extracellular Ca 21 levels. The plots in panel A were obtained from the same simulations reported in Fig. 3 . The experimentally determined rate of respiration, V O2 , is expressed relative to the maximum observed when the muscle was exposed to the uncoupler FCCP. Treatment with 5 mM NaCN completely inhibited the respiratory flux. The simulated V O2 was averaged after the model reached a pseudo-steady state. Under steady-state resting conditions, V O2 averaged 0.08 mM s ÿ1 .
(phase II, Fig. 5 A) . The NADH overshoot (phase III) is also eliminated when ATP i is clamped (Fig. 6 A) . Removing Ca 21 -dependent activation of the dehydrogenases (Fig. 6 B) reveals the underlying effect of the stimulation of respiration by ADP. When pacing frequency is increased, the concentration of NADH drops to lower levels than in the control (compare phases I, in Figs. 5 A and 6 B) and does not recover (compare phases II, in Figs. 5 A and 6 B). Upon return to the low pacing frequency, NADH increases monotonically in time (Fig. 6 B) .
These results illustrate how the interplay between ADPdependent stimulation of respiration and Ca 21 -mediated activation of the Krebs cycle dehydrogenases accounts for the transient kinetics of the NADH response during changes in workload. Changes in force are rapidly manifested as changes in the NADH oxidation rate by respiration, leading to a net decrease, or increase, in the NADH signal when workload is increased, or decreased, respectively. The somewhat slower response time of mitochondrial Ca 21 dynamics and activation of NADH production by the Ca 21 stimulation of the TCA cycle dehydrogenases contributes to the recovery of the NADH signal during the undershoot and to the NADH overshoot when workload decreases. Briefly, the NADH initial undershoot is linked to the sudden increase in respiratory rate not counterbalanced by an increased NADH production by mitochondrial dehydrogenases. Later, during the recovery phase, NADH production is activated by Ca 21 stimulation of the TCA cycle dehydrogenases. These remain activated even after the sudden drop in respiration that occurs when the pacing rate is decreased. This transient imbalance explains the overshoot in NADH that slowly relaxes to a lower NADH level when the mitochondrial Ca 21 levels decrease and dehydrogenases activation ceases.
The simultaneous regulatory effects of Ca 21 and ADP were further explored in the simulations shown in Fig. 7 . When the rate of ATP hydrolysis by the myofibrillar ATPase was halved there was a decrease in the amplitude of the NADH transients (undershoot and overshoot) in accord with the smaller changes in ATP and ADP ( Fig. 7 A: compare the solid trace at lower maximal ATPase rate, with the shaded control profile).
In contrast, if the maximal rate of the mitochondrial Ca 21 uniporter is decreased to 1/10th of the control value, the NADH profile resembles that obtained in the absence of stimulation of Krebs cycle dehydrogenases by Ca 21 (compare Figs. 7 C and 6 B). The lack of a recovery phase (evident in the solid trace of Fig. 7 C) is attributable to the extremely low levels of [Ca 21 ] m attained during this protocol (Fig. 7 D) . 
Effects of stimulation frequency on transient bioenergetic and contractile behavior
To subject the ECME model to a more comprehensive and stringent test, we monitored the dynamics of mitochondrial energetics (VO 2 , ADP m , NADH) and contractile work (force), as well as the two main effectors, Ca 21 m and ADP m , while the stimulatory frequency was varied over a wide range. The pacing frequency was increased from a baseline of 0.25 Hz to a higher frequency, e.g., 0.5, 1.0, 1.5, or 2.0 Hz, and returned to 0.25 Hz as indicated in the diagram at the top of Fig. 8 . This in silico experiment emulates the experimental protocol reported by Brandes and Bers ((32) Fig. 8 B) and tests how changes in the average force and Ca 21 transport work contribute to the different phases of the mitochondrial NADH transient. ECME model simulations of the average force and the transient kinetics of the NADH profile qualitatively reproduce the experimental results (Fig.  8 A) . The contractile activity drives changes in the adenine nucleotide pool and the respiratory flux (Fig. 8 C) , in close correlation with the average force (Fig. 8 A) . 
DISCUSSION
A mathematical model was developed in which the electrical, Ca 21 handling and contractile properties of the cardiac myocyte were integrated with mitochondrial bioenergetics.
The ECME model is able to reproduce the pseudo-steady state and, importantly, the dynamic profile of changes in essential physiological variables such as ADP, NADH, and Ca 21 in cardiac myocytes subjected to changes in stimulation frequency and/or external Ca 21 . Interactions between sarcolemmal and mitochondrial ion transport mechanisms, ATP consumption, and oxidative phosphorylation were sufficiently robust to simulate the matching of energy supply and demand over a range of workloads.
Excitation-contraction coupling/mitochondrial energetics model description
The excitation-contraction coupling/mitochondrial energetics (ECME) model is the first to integrate detailed biophysical descriptions of the activity of cardiac ion channels, sarcolemmal and mitochondrial ion transport pathways, excitation-contraction coupling, and myofilament activation with a model of mitochondrial oxidative phosphorylation. This allowed us to explore the interrelationship between the principal energy-consuming processes of the cell (i.e., contraction and ion transport) and the energy-generating system. Signaling between the cytosolic processes and mitochondrial bioenergetics was accomplished by 1), coupling the pools of high-energy phosphate intermediates in the cytoplasmic and mitochondrial compartments; and 2), linking Ca ] m accumulation for the low uniporter condition described in panel C (solid trace) as compared to the control (shaded trace).
bioenergetics to changes in workload lies in the balance between stimulation of the respiratory chain by enhanced ATP hydrolysis and stimulation of the Krebs cycle dehydrogenases. The differences in the relative response times of these two processes can account for the transient overshoot and undershoot behavior of mitochondrial NADH. Experimental evidence supporting a direct link in the response time of Krebs cycle dehydrogenases activation by mitochondrial Ca 21 and the recovery kinetics of NADH was provided by Brandes and Bers (17) .
As in our previous model of the isolated mitochondrion (16), we have sought to reproduce the dynamic response to an abrupt change in workload as the most stringent test of the integrated model. In this regard, there have been few studies in which mitochondrial responses have been recorded in parallel with force measurements, so we have relied heavily on the data of Brandes and Bers (17) , who recorded NADH transients, mitochondrial Ca 21 accumulation, and force in a unbranched rat cardiac trabecula preparation. Whether this preparation accurately reproduces the time course of change of the same parameters in an in vivo setting will require comparable recordings of all the variables of interest in the intact heart. Nevertheless, the model results demonstrate that for changes in workload induced by increasing or decreasing stimulation frequency, the NADH dynamics of the muscle can be described by the combination of ADP-dependent and Ca 21 -dependent regulatory mechanisms. Small changes in ATP i , and consequently in the levels of ADP in the cytoplasmic and mitochondrial compartments, mediate rapid changes in the mitochondrial NADH/NAD 1 redox state. When ATP i was clamped, the rapid decrease in NADH upon an increase in work was eliminated, as was the overshoot when work was decreased. In this condition, NADH increased and decreased monotonically as workload was varied, primarily reflecting the effects of Ca 21 on the rate of NADH production by the Krebs cycle. In the model, the Ca 21 -sensitive dehydrogenases IDH and KGDH exert the most control over mitochondrial NADH levels when ATP is clamped (16) .
When the Ca 21 sensitivity of the Krebs cycle dehydrogenases was eliminated in the model, the effects of mitochondrial ADP on NADH oxidation were revealed clearly. An acute increase in average force is rapidly translated via the adenine nucleotide pool to an increase in respiration and, conversely, a decrease in work quickly results in a decrease in the rate of NADH oxidation by the respiratory chain. This raises the important question of how to model the highenergy phosphate transfer system between the sites of ATP consumption in the cytoplasm and ATP production by the mitochondria. This is a subject of ongoing debate (7) that must take into consideration the local spatial organization of the cardiomyocyte and the kinetics of the buffering reactions mediated by creatine kinase (and, ideally, other buffers like adenylate kinase as well). From first-principles, at high work load, mitochondrial ATP production has to match the approximately eightfold increase in the rate of ATP hydrolysis by the actomyosin ATPase. Hence, ADP influx across the mitochondrial inner membrane must increase in parallel. In cardiac muscle, the creatine kinase system can act as both an ATP buffer and a high-energy phosphate shuttle (39) . This presents a problem in a model that does not formally incorporate spatial aspects with respect to incorporating the ability of the CK reaction to buffer the bulk cytosolic ATP concentration, while still being able to describe rapid ADP and P i delivery to the mitochondrial adenine nucleotide and phosphate transporters, which are thought to be in a complex with the mitochondrial ATP synthase (40) . As a compromise, we have included two nucleotide pools in the model, a bulk cytosolic pool that is largely buffered by the CK reaction and a pool with minimal buffering associated with the excitation-contraction coupling processes. The latter pool allows the mitochondria to rapidly and directly sense changes in energetic demand via mitochondrial ADP concentration. This representation should not be viewed as a literal description of compartmentation in the physical system, but as a construct that allowed us to simulate rapid phosphoryl (i.e., high energy phospho-group) transfer to and from the mitochondria without creating a computationally intractable spatial model of the cell (requiring partial differential equations).
Comparison of model and experimental results
The incorporation of both the ADP-and Ca 21 -dependent regulatory mechanisms was required to adequately describe the experimental data of Brandes and Bers (32) with regard to the different effects of changes in work associated with contractile activity and the work associated with changes in Ca 21 handling. Contractile activity can be varied in the absence of a change in average cytosolic Ca 21 by changing resting sarcomere length, while Ca 21 homeostasis can be varied by changing stimulation frequency, external Ca 21 , or inotropic intervention (e.g., b-adrenergic receptor stimulation). In response to an increased pacing rate, mitochondrial NADH transiently decreases (phase I) and then recovers (phase II; Fig. 5 A) (32) . The phase II recovery of NADH depends on the average cytosolic (and consequently mitochondrial) Ca 21 , and the net redox state attained after equilibration to the new workload is strongly affected by the sarcomere length. As the sarcomere length approaches the optimum of the Frank-Starling curve (i.e., L max ), average force for any given Ca 21 is increased and the total energetic demand is increased, thus leading to a net oxidation of the NADH/NAD 1 redox pool. Our simulations show that ADP m , which reflects changes in cytosolic ADP, accounts for the initial rapid decline of NADH at the onset of high frequency stimulation (Figs. 6 B and 7 A, and Fig. 8, A and D) . The rapid decrease in ADP m as the workload is lowered also underlies the transient overshoot of NADH during the protocol. At this point, NADH production, which was accelerated by Ca 21 stimulation of the dehydrogenases, remains activated, while NADH oxidation decreases more rapidly. Again, the balance between the relaxation times of the demand-led and Krebs cycle processes determines the overall profile.
The effect of increasing the pacing rate in ferret hearts results in unchanged ATP levels and an initial decrease of CrP followed by a recovery to steady-state levels (if glycolysis is operating) (38) . In the absence of glycolytic flux, the recovery phase of CrP is not observed and upon return to the low pacing frequency CrP level increases to reach the original steady-state levels (38) . The model simulations reproduce the condition in the absence of glycolysis (Fig.  5 C) since according to the model, only mitochondrial ATP synthesis can replenish CrP. The change in Pi could not be directly computed because the operation of the adenine nucleotide translocator is carrying phosphoryl groups into the cytoplasm whose flux is counterbalanced by the phosphate carrier (not accounted for by the model). However, the main determinant of Pi dynamics in the cytosol is CrP, thus the Pi should mirror the CrP concentration profile when subjected to changes in pacing frequency (not shown).
Another agreement between our simulations and the experimental results concern the cytosolic levels of metabolites: [ 21 ], which are very close to the physiological values observed in ventricular myocytes of various species. As a matter of fact, NADH is highly reduced in the mitochondrial matrix (;75%) (17) . Since the total concentration of mitochondrial pyrimidine nucleotides is 10 mM in our model, an 80% reduction will correspond to 8 mM NADH (Fig. 5 A) , which resembles the value reported (17) . ATP was reported to be in the order of 7.5 mM; CrP is ;21 mM at low pacing frequency, and can decrease up to 15 mM (38) . Ca 21 resting level is ;100-200 nM whereas the systolic concentration can peak from 400 nM to 1 mM (41). A sensitivity analysis (data not shown) performed at 0.25, 1.0, and 2 Hz under the same parametric conditions as those used in the experiments shown in Figs. 3-5 revealed that the steps to which respiratory or ATP synthesis fluxes were most sensitive were localized downstream of NADH. This is in accordance with our earlier metabolic control analysis carried out for the isolated mitochondrial model (16) . In the case of the integrated model, the processes that influence the rate of ATP hydrolysis are now explicitly described in a detailed physiological context, thus leading to important interdependencies between the steps that strongly influence E-C coupling and energetics.
It should be noted that Balaban and co-workers (1) have failed to observe NADH transients in intact hearts of the type reported by Brandes and Bers, leading to the notion that energy supply is rapidly increased to meet energetic demand through fast parallel activation of the respiratory chain and Krebs cycle dehydrogenases by a cytoplasmic messenger. Potential candidates for the active messenger include Ca 21 (12) or P i (13), while ADP was thought to play a diminished role in the process. In isolated mitochondria, respiration was shown to respond rapidly (within hundreds of milliseconds) to changes in both Ca 21 and ADP (12) . However, van Beek and co-workers (42) stated that the transient changes in energy fluxes and intermediates do not necessarily occur simultaneously and are altered upon inhibition of creatine kinase and/or glycolytic flux (43) . The transient time was found to be much shorter for adenine nucleotides than for respiration, arguing against simultaneous parallel activation of energy production and consumption by a single, common effector (42) . Further investigation into the transient dynamics of respiration, Ca 21 , force, NADH, and ATP turnover in response to changes in cardiac workload will be required to resolve these issues. Our results indicate that Ca 21 and ADP, affecting mitochondrial energetics with different response times, are sufficient to reproduce available experimental data. Mixed regulation of mitochondrial energetics would potentially confer more flexibility to the heart in responding to different physiological challenges, for example, as could occur when changes in workload are elicited by variations in ADP with or without associated changes in the average cytosolic Ca 21 (32, 44) .
Directions for further model development
In taking on the challenge of incorporating most of the fundamental functional properties of the cardiac myocyte, the present integrated model is able to qualitatively reproduce the pseudo-steady state and transient responses of mitochondrial oxidative phosphorylation to changes in cardiac work. Semiquantitative agreement with the force-respiration relationship obtained in isolated cardiac trabeculae subjected to various pacing frequencies and external Ca 21 concentrations was also achieved. Quantitative differences between our simulations and available experimental data can, in part, be explained by differences in the E-C coupling properties of the rat (which we choose for experiments due to the extensive validation of this preparation in our laboratory and others) and the Guinea-pig (which serves as a well established model representative of the E-C coupling properties of larger mammals) (41) . The relative contributions of SERCA and the Na 1 /Ca 21 exchanger to the reuptake of cytoplasmic Ca 21 after the peak are different in rats and guinea-pigs. As a consequence, the fraction of Ca 21 that is recycled is much larger in rats than in guinea-pigs. The rat trabeculae experiments were carried out at 22°C whereas the model parameters were adjusted for currents and fluxes operating at 37°C. This is another source of variation and further experimentation with different species and temperature will be required to determine their contribution to quantitative discrepancies with the model.
The feasibility of ADP and Ca 21 as important mediators of energy supply and demand matching has been demonstrated in the present model, but this work does not preclude the possibility that other mechanisms/mediators might be involved. For example, compelling evidence exists that various steps in the electron transport chain may be regulated by allosteric mechanisms (45) , which would be replicated in our model by changing the concentration of respiratory carriers (r res ) in response to changes in work. Since the rate of the mitochondrial ATP synthase is governed by the protonmotive force and the availability of ADP and P i , independently of the rate of respiration, we have observed in some simulations that ATP synthesis outpaces the increase in respiration, resulting an increase in the P/O ratio at high work (P/O ratio refers to the quotient of the ATP synthesis rate over the respiratory rate and represents a measure of the efficiency of oxidative phosphorylation). This changing P/O ratio differs from experimental results obtained in isolated rat hearts (46) , perhaps suggesting an avenue for further refinement and validation of the model. Cytosolic Ca 21 handling in the E-C coupling module has been previously validated by simulating the short-term interval force relations of cardiac muscle (15, 47) . The experimentally observed behavior of restitution and post-extrasystolic potentiation (48) are also appropriately reproduced in the integrated model (see Supplementary Material, Fig. S4 ). According to the model, Na 1 levels determine, to a certain extent, the level of Ca 21 and the rate of Ca 21 removal through the Na 1 ,Ca 21 exchanger activity. This is reflected by the accumulation of Na 1 as frequency increases (see Supplementary Material, Fig. S2 ). Nevertheless, we have not accounted yet for important processes influencing cytosolic Na 1 levels such as the Na 
Comparison with other mathematical models
There have been few previous attempts to develop computational models linking electrophysiology, ion homeostasis, Ca 21 handling, ATP consumption, and mitochondrial energetics. Magnus and Keizer (52) developed a model that incorporated plasmalemmal ion channels, Ca 21 handling, and ATP production by glycolysis and mitochondria to simulate the bursting behavior of pancreatic b-cells. Elements of that model were used as components of our previous isolated cardiac mitochondrial model (16) , with extensive modifications including the addition of NADH as a state variable, dependent on the activity of the Krebs cycle. In the present model, both Ca 21 and ADP are now variables that depend on the sum total of physiological processes associated with E-C coupling and mitochondrial function. The only remaining important fixed influx is the supply of Acetyl CoA to the Krebs cycle, which could be refined in the future by incorporating established models of glycolysis and b-oxidation of fatty acids. This could account for potential limitations of higher-order substrate supply, which could be relevant to the simulation of pathological conditions.
Another recent model based on a sound electrophysiological formulation focused on the interactions between the mitochondrial and cytoplasm space with Ca 21 as the sole signaling molecule (53) . Presumably owing to the lack of significant respiratory control in the mitochondrial component of this model (54) , the interrelationship between a change in E-C coupling and bioenergetics is not well described.
Saks and collaborators (7, 9, 55, 56) have also modeled the energetic processes linked to muscle contraction, but they did not take into account the electrophysiology of the cell. Their model was more oriented to processes occurring in the cytoplasm and mitochondrial intermembrane space, including creatine kinase and adenylate kinase and was intended to address the some of the spatial aspects of phosphoryl transfer that we have discussed above. Force generation in this model was an adjustable function used to calculate its contribution to energy consumption rather than as a biophysical description of contraction.
Concluding remarks
We have developed an integrated model of the electrophysiology, E-C coupling properties, and mitochondrial bioenergetic responses of the cardiac myocyte. The model reproduces the pseudo steady-state force-respiration relationship and is also capable of describing the transient energetic responses to abrupt changes in workload. The ECME model can be used to explore the important interactions between the electrical, contractile metabolic functions of the heart, which will lead to an improved quantitative understanding of cardiac physiology under normal or pathological conditions.
APPENDIX Ionic currents
Fast Na 1 current (I Na ) Time-dependent delayed rectifier K 1 current (I K ) Time-independent K 1 current (I K1 ) 
Na 1 /Ca 21 exchanger current (I NaCa ) 
See Table 2 . 
See Table 3 . 
Background Ca 21 current (I Ca,b )
Background Na 1 current (I Na,b )
See Tables 4 and 5 .
Sarcolemmal Ca 21 pump current (I pCa )
See Table 6 .
SERCA pump (J up )
See Table 7 . 
A29 (14)
P Na,K 0.01833 Na 1 permeability of K 1 channel.
A17 (14)
k NaCa 9000 mA mF ÿ1 Scaling factor of Na 1 /Ca 1 exchange.
A32 (15) k m,Na 87.5 mM Na half-saturation constant NCX.
A32 (14) k m,Ca 1.38 mM Na half-saturation constant NCX.
A32 (14) k sat 0. A35 (21) *Adjusted based on the value of Na 1 concentration to match physiological levels (58, 59) . 
I Ca ¼ 6 I Camax y½O; (A69) 
A50 (21)
See Table 8 .
See Table 9 .
Sarcolemmal membrane potential
Ca 21 buffering and diffusive transport between compartments
See Table 10 . A88 (14) [HTRPN] tot 0.14 mM Total troponin high-affinity sites.
Ionic concentrations in various compartments
A87 (14) [LTRPN] tot 0.07 mM Total troponin low-affinity sites.
A88 (14) [CMDN] tot 5.0 3 10 ÿ2 mM Total myoplasmic calmodulin concentration.
A84 (14) [CSQN] tot 15 mM Total NSR calsequestrin concentration.
A85 (15) *Adjusted from the value reported in Rice et al. (15) to reproduce the values of the developed force by ventricular guinea-pig muscles, as described in Ruf et al. (62) . 
See Table 11 .
Mitochondrial membrane potential (DW m )
Energy metabolites
½CIT ¼ C Kint ÿ ½ISOC 1 ½aKG 1 ½SCoA 1 ½Suc ð A93 (16) *The maximal rate of the Ca 21 uniporter had to be adjusted to meet the transport fluxes experimentally determined (70, 71) in the new integrated model structure in which the Ca 21 levels in the cytoplasm are no longer steady as they were in the isolated mitochondrial model (16 
See Tables 15 and 16 .
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